INTRODUCTION {#s1}
============

It has been widely speculated that vitamin D can prevent the development of colonic adenomas. This suggestion has been based, to a large extent, on three general observations. First, colon cancer incidence is higher for individuals who live in locations further from the equator, which receive reduced amounts of sunlight, than for individuals who reside in locales near the equator ([@DMM032300C6]). Second, several groups have demonstrated that patients with colon adenomas or cancers have lower serum 25-hydroxy-vitamin D~3~ \[25(OH)D~3~\] levels than those free from adenomas or cancers ([@DMM032300C27]; [@DMM032300C20]; [@DMM032300C11]). Third, vitamin D compounds can inhibit the growth of cancer cells *in vitro* ([@DMM032300C21]; [@DMM032300C15]; [@DMM032300C4]; [@DMM032300C26]). However, whether vitamin D deficiency plays a causative role in colon tumor development and, if so, whether this risk can be reversed with vitamin D supplementation of deficient individuals, has yet to be clearly demonstrated. Despite this, proponents continue to support an increase in the recommended daily allowance of vitamin D to reduce cancer risk ([@DMM032300C23]; [@DMM032300C10]).

Determining the role of vitamin D deficiency in tumor development is a complex issue, as the vitamin D/calcium network is tightly regulated, and affecting one often affects the other. Further, vitamin D levels might simply be reflective of other factors, as body stores of this vitamin are affected by nutritional supplements, diet and exposure to UV. For these reasons, parsing out the individual contributions of each of these factors could prove nearly impossible in human populations. To vigorously test the contributing roles of each vitamin D, calcium and UV, animal models that closely mimic the disease in humans will be required.

The *Apc^Pirc/+^* rat, which contains a truncating mutation in the *Apc* gene, closely models the distribution, histopathology and morphology of both familial and sporadic colon cancer in humans ([@DMM032300C2]; [@DMM032300C13]). Using the *Apc^Pirc/+^* rat model, we have previously demonstrated that vitamin D supplementation above normal, with and without changes in serum calcium, does not reduce tumor incidence or growth. To the contrary, we found that addition of vitamin D~3~ to the diet of *Apc^Pirc/+^* rats increased tumor multiplicity in the colon in a dose-dependent manner ([@DMM032300C14]). To further investigate this issue, we have explored whether vitamin D deficiency increases colon tumor development. We used two different modes to deplete rats of vitamin D to separate the effects of low calcium from those of low vitamin D. The first used low-calcium, vitamin D-devoid diets fed to weanling rats to create vitamin D deficiency. The second utilized rats conceived and born to mothers on a calcium-sufficient, vitamin D-deficient diet; these offspring were maintained on this diet for the duration of the study.

RESULTS {#s2}
=======

Experimental design {#s2a}
-------------------

Two experimental approaches were taken to deplete animals of vitamin D. The first approach involved breeding parents devoid of vitamin D, but with sufficient calcium, to obtain pups always deficient in vitamin D but with normal levels of calcium. This method allowed us to isolate vitamin D deficiency without changes in serum calcium, and examine the extreme case where an individual is lacking in vitamin D for the entirety of its life. The second approach utilized rats born under normal dietary conditions where, at weaning, they were subjected to withholding of both vitamin D and calcium to deplete vitamin D systemically. This second method allowed us to obtain vitamin D deficiency in a timely manner by also removing calcium, and investigate the combined effect of vitamin D and calcium depletion, as calcium absorption is affected in individuals deficient in vitamin D.

All rats, with the exception of those born to mothers on the vitamin D-deficient lactose rescue diet, were maintained on chow from conception to weaning; one group of control animals was maintained on chow until termination. At weaning, animals were assigned to one of two vitamin D-sufficient diets (vitamin D-sufficient lactose rescue diet or vitamin D-sufficient calcium-depleted diet) or depleted of vitamin D stores through the use of vitamin D-devoid, low-calcium diets ([Fig. 1](#DMM032300F1){ref-type="fig"}A,B). Following depletion, all animals were placed on to their respective lactose rescue diet with or without vitamin D~3~. Those animals born to mothers on vitamin D-deficient lactose rescue diet were maintained on that diet from conception until study termination. To induce inflammation-associated colonic tumorigenesis a separate set of (ACIxF344)F~1~ rats was calcium cycled in the presence or absence of vitamin D and then given two week-long treatments of 4% dextran sodium sulfate (DSS, FisherSci) separated by 1 week on regular drinking water ([Fig. 1](#DMM032300F1){ref-type="fig"}C). Fig. 1.**Diagram of experimental diets and timeline.** (A) Rats born vitamin D sufficient on 5015 chow were randomized to one of three groups from weaning: lactose rescue diet containing normal amounts of vitamin D and calcium (+D Born); calcium-depleted, vitamin D normal diet for the first 6 weeks, followed by lactose rescue diet containing normal amounts of vitamin D and calcium (+D Ca Cycled); and calcium-depleted diet without vitamin D for the first 6 weeks followed by lactose rescue diet containing high amounts of calcium but lacking vitamin D (−D Ca Cycled). A fourth group contained animals born to vitamin D-deficient, calcium-sufficient parents, and weaned to a diet containing normal calcium but lacking vitamin D (−D Born). (B) Dietary vitamin D, calcium, phosphorus and lactose concentrations for the various diets used throughout the study. (C) For the experiment involving DSS, animals were assigned to a calcium-depleted diet with or without vitamin D for 6 weeks following weaning. Following cycling animals were placed on their respective lactose rescue diet (with or without vitamin D). Three weeks later, half of the animals on each of the diets were given 4% DSS in their drinking water for two week-long cycles, separated by a week on normal drinking water.

Blood calcium and 25(OH)D~3~ measurements {#s2b}
-----------------------------------------

The 6-week period of alternating dietary calcium (either 0.47% or 0.02%) and no dietary vitamin D successfully depleted blood levels of 25(OH)D~3~ ([Fig. 2](#DMM032300F2){ref-type="fig"}A, light-gray bars) below the limit of detection, which is also reflected in the low serum calcium levels ([Fig. 2](#DMM032300F2){ref-type="fig"}B, light-gray bars). Within 3 weeks on lactose rescue diet (high in calcium, lactose and phosphorus), blood calcium levels in these animals were restored to those of control animals while maintaining serum 25(OH)D~3~ levels below the limit of detection (data not shown). This remained true at study termination ([Fig. 2](#DMM032300F2){ref-type="fig"}A,B, dark-gray bars). Fig. 2.**Serum 25(OH)D~3~ levels were below the limit of detection for all rats considered vitamin D deficient and within normal range for vitamin D-sufficient rats.** Five rats per group per time point were analyzed for each biochemical assay. (A) Serum 25(OH)D~3~ levels did not differ between animals maintained on a vitamin D-sufficient lactose rescue diet and those given a vitamin D-sufficient, calcium-cycled diet (*P*=0.2). Serum 25(OH)D~3~ levels were below the limit of detection (BLD) for all animals given diets devoid of vitamin D (*P*\<0.0001). (B) Serum calcium levels were significantly reduced only in vitamin D-deficient rats at the end of calcium cycling (\**P*\<0.005 versus +D born, light-gray bars); these levels were restored to normal by termination (*P*=0.5 versus +D born, dark-gray bars). At the postcycling time point, calcium levels in animals born on the vitamin D-deficient lactose rescue diet (9.1±0.7) were slightly lower than those born on the vitamin D-sufficient diet (10.3±0.6, *P*\<0.007); however, these levels were comparable at termination (12.0±1.1 versus 11.6±1.0, *P*=0.3). Data were analyzed using a two-tailed Wilcoxon test, and are expressed as mean±s.d.

Body weight measurements {#s2c}
------------------------

Elimination of vitamin D from the diet and depletion of body stores of calcium and vitamin D, as measured by circulating blood levels of 25(OH)D~3~, significantly reduced body weight gain in female (*P*\<0.001, [Fig. 3](#DMM032300F3){ref-type="fig"}A) and male (*P*\<0.003, [Fig. 3](#DMM032300F3){ref-type="fig"}C) F344*-Apc^Pirc/+^* rats. By contrast, in the (ACIxF344)F~1~*-Apc^Pirc/+^* rat, vitamin D depletion only reduced body weight gain in males in the calcium-cycled group (*P*=0.003, [Fig. 3](#DMM032300F3){ref-type="fig"}D), but the suppression in weight gain compared to vitamin D-sufficient born rats was less (13%) compared to that in F344*-Apc^Pirc/+^* male rats (26%); females were unaffected ([Fig. 3](#DMM032300F3){ref-type="fig"}B). Diet low in calcium but with normal vitamin D levels did not negatively impact body weight in either strain. Fig. 3.**Body weight gain is generally reduced in vitamin D-deficient rats.** (A-D) For vitamin D-sufficient groups, calcium cycling did not affect body weight in either sex or strain. F344-*Apc^Pirc/+^* females (A) and males (C) reared on either vitamin D-deficient diet showed significantly reduced weight gain during the duration of the experiment (\**P*\<0.003). By contrast, in the (ACIxF344)F~1~*-Apc^Pirc/+^* rat, while body weight in females was unaffected (B), vitamin D depletion reduced body weight gain only in males in the calcium-cycled group (D, \**P*=0.003). Data were analyzed using a two-tailed Wilcoxon test. The number of rats in each group were as follows (female, male): F344 +D Born (9, 9), +D Ca Cycled (6, 5), −D Ca Cycled (5, 10), −D Born (6, 5); (ACIxF344)F~1~ +D Born (20, 20), +D Ca Cycled (10, 6), −D Ca Cycled (11, 17), −D Born (5, 4).

Tumor multiplicity and sizing data {#s2d}
----------------------------------

No statistical difference in tumor number for either the colon or the small intestine was found between rats maintained on 5015 chow and those weaned to vitamin D-sufficient lactose rescue diet for either strain (all *P*\>0.13); therefore, these data were combined to yield one single vitamin D sufficient control group for each strain and sex for all other comparisons. Compared with vitamin D-sufficient controls, rats born on a vitamin D-deficient diet with normal serum calcium levels had either a reduction in the number of colonic tumors (F344, *P*\<0.001, [Fig. 4](#DMM032300F4){ref-type="fig"}A) or no change (F~1~, *P*=1, [Fig. 4](#DMM032300F4){ref-type="fig"}B). Surprisingly, in both strains a low-calcium diet reduced colonic tumor multiplicity, regardless of whether vitamin D was present or absent (all *P*\<0.03, [Fig. 4](#DMM032300F4){ref-type="fig"}A,B). Fig. 4.**Vitamin D deficiency did not increase colonic tumorigenesis in either strain.** (A) In the colon of the F344-*Apc^Pirc/+^* rat, tumor multiplicities were reduced in animals given a diet devoid in vitamin D (*P*\<0.001); reduced dietary calcium alone also significantly reduced tumor number (*P*\<0.0003). (B) In the colon of the (ACIxF344)F~1~*-Apc^Pirc/+^* rat, there was no effect of vitamin D depletion alone on tumor multiplicity; however, reduction of dietary calcium alone (*P*=0.03) or in combination with vitamin D deficiency (*P*\<0.005) reduced colonic tumor number. (C) For the small intestine, tumor count in both strains was significantly reduced when low dietary calcium was combined with vitamin D deficiency (*P*\<0.03). By contrast, in the small intestine of the (ACIxF344)F~1~*-Apc^Pirc/+^* rat, tumor multiplicity was increased in rats given a diet absent in vitamin D but normal in calcium (*P*=0.0001) or vice versa (*P*=0.02). Each individual point represents data from a single animal. Open circles represent females, while closed circles represent males; all data were blocked by sex and then analyzed jointly. Data were analyzed using a two-tailed Wilcoxon test. All *P*-values shown have been Bonferroni corrected for multiple testing against a single control group.

Colonic tumors were measured in (ACIxF344)F~1~*-Apc^Pirc/+^* male rats born on either vitamin D-sufficient lactose diet (*n*=6) or vitamin D-deficient lactose diet (*n*=7) to determine whether vitamin D plays a role in tumor growth after initiation. No difference in average tumor size was found between those animals with sufficient vitamin D levels (8.2±7.9 mm^2^, *n*=38) and those deficient in vitamin D (7.1±6.3 mm^2^, *n*=39, *P*=0.66).

In the small intestine, tumor multiplicity was not affected in F344-*Apc^Pirc/+^* rats born on a vitamin D-deficient, calcium-normalized diet ([Fig. 4](#DMM032300F4){ref-type="fig"}C); only the combination of low dietary calcium and vitamin D deficiency lowered the number of tumors present (*P*=0.02). By contrast, (ACIxF344)F~1~*-Apc^Pirc/+^* rats given a vitamin D-deficient, calcium-normalized diet showed a significant increase in the number of tumors in the small intestine for both male and female rats (*P*\<0.0001, [Fig. 4](#DMM032300F4){ref-type="fig"}D). Interestingly, lowering dietary calcium alone for a period of 6 weeks also increased the number of tumors in the small intestine in the (ACIxF344)F~1~*-Apc^Pirc/+^* rats (*P*=0.009). However, when vitamin D and calcium were both depleted, tumor number was decreased in both strains in both the small intestine and the colon (all *P*\<0.03).

Data were further analyzed to test for a correlation between colonic tumor multiplicity and serum 25(OH)D~3~ concentration; no such correlation was found (*P*=0.58, [Fig. 5](#DMM032300F5){ref-type="fig"}A). By contrast, a significant positive correlation between tumor count in the small intestine and serum calcium concentration was detected (*P*=0.02, [Fig. 5](#DMM032300F5){ref-type="fig"}B). Fig. 5.**Colonic tumor count does not correlate with serum 25(OH)D~3~ or calcium levels.** (A) No correlation was found between serum 25(OH)D~3~ levels and tumors of either the small intestine (data not shown) or colon (*P*=0.58). (B) A significant positive association was uncovered between serum calcium levels and tumors of the small intestine (*P*=0.02) but not the colon (data not shown). Data were analyzed using Kendall\'s test for correlation. Each individual point represents data from a single animal. At least five rats per dietary group are represented.

To test whether vitamin D status affects tumor development in a model of colon cancer induced by inflammation, a separate cohort of (ACIxF344)F~1~*-Apc^Pirc/+^* rats was calcium cycled in either the presence or absence of vitamin D, and then given DSS to induce colonic inflammation. Again, we saw no difference in colonic tumor number between vitamin D-sufficient and -deficient rats not given DSS (*P*=0.75, [Fig. 6](#DMM032300F6){ref-type="fig"}). Each of the groups treated with DSS, regardless of vitamin D status, showed a statistically significant increase in colonic tumorigenesis (*P*\<0.005) compared with non-DSS-treated controls. There was no difference in the number of colon tumors between vitamin D-sufficient rats treated with DSS and vitamin D-deficient rats given DSS (*P*=0.19), demonstrating that vitamin D status did not affect the DSS response. Fig. 6.**Vitamin D deficiency did not affect tumor number in the DSS model of tumorigenesis.** In the set of (ACIxF344)F~1~-*Apc^Pirc/+^* rats utilized to test the effect of vitamin D on colon cancer induced by inflammation, no difference in response to DSS was found between vitamin D-sufficient and -deficient animals. DSS increased tumor multiplicity for both vitamin D-sufficient and -deficient animals to a similar degree (*P*\<0.005). No difference in colonic tumor multiplicity was found between vitamin D-deficient and -sufficient animals with (*P*=0.19) or without (*P*=0.7) DSS treatment. Each individual point represents data from a single animal. Open circles represent females, while closed circles represent males; all data were blocked by sex and then analyzed jointly. Data were analyzed using a two-tailed Wilcoxon test.

Tumor pathology {#s2e}
---------------

A minimum of 20 individual tumor samples from four rats per group were selected for sectioning. Sixty 5 µm sections (300 µm) were made from each tumor, with every 10th section (50 µm) stained by Hematoxylin and Eosin for evaluation of pathology. At least half of the tumors for any given group yielded sections allowing pathology review. Tumors were graded using a five-point scale of malignancy: 1, adenoma; 3, intramucosal carcinoma; 5, early carcinoma; intermediate grades 2 and 4 were assigned when a lesion exhibited some, but not all, criteria for the next grade. Based on this scoring system, the vast majority of tumors were classified as adenomas in each of the groups: +D calcium cycled 1.8±0.9, +D calcium cycled+DSS 1.9±0.8, −D calcium cycled 1.8±0.9, −D calcium cycled+DSS 2.2±0.9. No significant differences in malignancy were detected between any of the groups (all *P*\>0.23).

*Mki67* gene expression {#s2f}
-----------------------

To examine cell proliferation rates, *Mki67* gene expression was assessed by quantitative PCR from matched pairs of normal colonic tissue and colonic tumors from at least seven rats per dietary group. For all groups, tumors generally showed higher expression of *Mki67* compared with their matched normal tissue, indicating a higher rate of cell proliferation in tumors ([Fig. 7](#DMM032300F7){ref-type="fig"}). However, no significant difference in tumor cell proliferation was detected between any of the groups to indicate that a particular diet might result in an increase in cell proliferation (all *P*\>0.27). In normal colonic tissue, *Mki67* expression, and thus cell proliferation, was lower for animals that had been made vitamin D deficient by calcium cycling, compared with rats born vitamin D sufficient (*P*=0.006); no other differences in proliferation of normal tissue were noted between any of the other groups. Fig. 7.**Vitamin D deficiency did not alter cell proliferation rates in tumors, as measured by *Mki67* gene expression.** *Mki67* was measured in matched pairs of normal colonic tissue and colonic tumors from 7-10 rats per treatment group. Expression is represented as fold change in tumor expression versus normal tissue expression; all values have been normalized against the reference gene *Gapdh*. In general, tumor expression was higher than normal colonic tissue expression. However, no significant difference in tumor *Mki67* gene expression was detected between any of the groups, indicating that vitamin D deficiency does not influence tumor cell proliferation rates *in vivo* (all *P*\>0.27). The number of tumor/normal pair-matched samples analyzed per group were as follows: −D Born (7), −D Ca Cycled (7), +D Ca Cycled (7), +D Born (10).

DISCUSSION {#s3}
==========

The results presented here add valuable information to our understanding of the functional outcome of vitamin D deficiency on intestinal cancer. Two different modes were employed to generate vitamin D deficiency in two *Apc^Pirc/+^* rat models of familial adenomagenesis, as well as extending this model to address inflammatory tumorigenesis. In any case, a lack of dietary vitamin D, resulting in undetectable levels of serum 25(OH)D~3~, did not result in an increase in colonic tumor multiplicity. In fact, the opposite was seen in the F344 rat, where vitamin D depletion significantly reduced colonic tumorigenesis. Deficiency of vitamin D also did not affect the growth rate of tumors once established, nor the degree of malignancy. Furthermore, no association between serum 25(OH)D~3~ levels and colon tumor number was detected.

By contrast, in the small intestine, vitamin D deficiency did increase the number of tumors. Concordantly, our group has previously reported a statistically significant dose-dependent reduction in the number of tumors of the small intestine with 25(OH)D~3~ supplementation, while at the same time seeing the opposite trend in the colon ([@DMM032300C14]). It is important to recognize that the majority of tumors in the human intestine form in the colon ([@DMM032300C30]), and this difference in anatomical site within the intestine might have been historically underemphasized when employing mouse models in which the tumor burden predominantly occurs in the small intestine ([@DMM032300C13]). This result does not overshadow our finding that is most translatable to the human case: vitamin D deficiency did not increase tumor development or growth in the colon.

Unexpectedly, low dietary calcium alone significantly reduced tumor number in the colon in both rat models. In the small intestine, lower serum calcium levels were also associated with a reduction in tumor number. Epidemiological evidence has previously pointed to a protective effect of dietary calcium ([@DMM032300C3]; [@DMM032300C31]). However, results from clinical trials have yielded mixed results for supplemental calcium on reducing primary or recurrent cancer ([@DMM032300C5]; [@DMM032300C18]) or modulating biomarkers of inflammation or oxidative stress in colorectal mucosa ([@DMM032300C7]; [@DMM032300C9]; [@DMM032300C12]; [@DMM032300C1]; [@DMM032300C29]). These results warrant further investigation of the individual and combined effects of calcium and vitamin D on the normal intestine and their tumors.

While a great deal of attention has been paid to the association between serum 25(OH)D~3~ levels and disease, few studies have been conducted that interrogate the effect of vitamin D deficiency on intestinal tumor development. Those that do exist generally rely on the use of knockout models for genes encoding enzymes and receptors in the vitamin D pathway. Given the complexity of the vitamin D pathway, involving many enzymes, organs and intermediate metabolites, these models might be inappropriate to test whether vitamin D deficiency affects colon cancer risk, and could actually confound interpretation. For example, Liu and colleagues found that animals lacking the *Cyp27b1* gene, which encodes the enzyme responsible for conversion of 25(OH)D~3~ to the active metabolite 1,25(OH)~2~D~3~, show colonic inflammation and signs of cellular senescence ([@DMM032300C17]). However, *Cyp27b1* null mice have elevated 25(OH)D~3~ blood levels ([@DMM032300C24]), and we have previously shown that elevated 25(OH)D~3~ exacerbates colonic tumorigenesis ([@DMM032300C14]). The intricacy of this tightly regulated network requires analysis of the system as a whole, and in a way that accurately mimics vitamin D deficiency in humans. Here, we show that elimination of vitamin D from the diet and environment had no negative impact on subsequent colon tumor development.

While the debate of whether vitamin D status is causally linked to colon cancer risk is ongoing, other hypotheses warrant simultaneous attention. One such hypothesis harkens back to the original observation between geographic latitude and colon cancer risk -- UV light exposure. Recently, Rebel and colleagues found that UV exposure of Fabpl*Cre*; *Apc*^15lox/+^ mice reduced overall tumor burden, which they at least partially attribute to vitamin D production ([@DMM032300C19]). Vitamin D production is one significant benefit and marker of sunlight exposure, but it is likely that other factors produced by UV light also support human health ([@DMM032300C22]). It is still unknown whether vitamin D status in human studies of disease association is simply a reflection of UV exposure ([@DMM032300C28]). This will likely be very difficult to disentangle using human studies alone and will require the use of appropriate animal models to vigorously test. The individual and combined effects of vitamin D, calcium, and UV radiation require further investigation in animal models specifically designed to address each component in order to elucidate a complete and accurate picture of their effects on colon cancer risk.

MATERIALS AND METHODS {#s4}
=====================

Animal breeding and maintenance {#s4a}
-------------------------------

All procedures were approved by the Research Animal Resources Committee of the College of Agricultural and Life Sciences at the University of Wisconsin-Madison. Rats (*Rattus norvegicus*) were maintained in high-density ventilated caging (typically two to three rats per cage) with corncob bedding in the Department of Biochemistry vivarium, with a 12 h:12 h light:dark cycle, and free access to food (Purina 5015 chow, unless noted otherwise) and UV-treated RO water. During the period of calcium cycling, rats were single housed in wire-bottom cages with a loft for resting, to reduce cophrophagy and thus reuptake of vitamin D and calcium from fecal material; free access to food and water was maintained during this period. Fluorescent bulbs in rooms housing rats were covered by filters which eliminate the wavelengths responsible for the majority of vitamin D conversion in skin. The *Apc^Pirc/+^* rat, a model of both familial and sporadic intestinal tumorigenesis, contains a truncating mutation in the *Apc* gene. This results in the development of multiple intestinal adenomas, with a larger proportion forming in the colon rather than the small intestine, similar to the distribution seen in humans, and different from many available mouse models. F344-*Apc^Pirc/+^* rats were maintained through breeding with F344/NHsd rats obtained from Envigo (Dublin, VA). Coisogenic F344-*Apc^Pirc/+^* rats have approximately a 1:1 ratio between tumors in the small intestine and in the colon; to shift that ratio to obtain a greater number of tumors in the colon, F~1~ rats between F344 and ACI were generated ([@DMM032300C25]). F~1~ generation rats were created between breeding pairs of F344-*Apc^Pirc/+^* rats with ACI/SegHsd rats obtained from Envigo (Indianapolis, IN), resulting in (ACIxF344)F~1~-*Apc^Pirc/+^* progeny.

Diets {#s4b}
-----

Diets were formulated in our laboratory and stored for up to 3 months at 4°C. Animals were given fresh diet three times each week *ad libitum*. Lactose rescue diets contained 2% calcium plus 20% lactose to aid in calcium absorption in the absence of vitamin D; deficient and sufficient diets were identical except for vitamin D content. Diets used to deplete rats of their vitamin D stores contained no vitamin D and either 0.47% or 0.02% calcium, depending on the stage of depletion ([Fig. 1](#DMM032300F1){ref-type="fig"}A); corresponding sufficient diets were identical but also contained vitamin D (2280 IU cholecalciferol per 1 kg diet). Vitamin D-deficient diets are prepared in a room which is never exposed to vitamin D compounds or analogs and stored in a dedicated cooler; vitamin D-sufficient diets are prepared in a separate room and stored in a separate cooler.

Experimental design {#s4c}
-------------------

All rats, with the exception of those born to mothers on the vitamin D-deficient lactose rescue diet, were maintained on 5015 chow (Purina) from conception to weaning; one group of control animals was maintained on 5015 chow until termination. At weaning, animals were assigned to one of two vitamin D-sufficient diets (vitamin D-sufficient lactose rescue diet or vitamin D-sufficient, calcium-depleted diet) or depleted of vitamin D stores through the use of vitamin D-devoid, low-calcium diets ([Fig. 1](#DMM032300F1){ref-type="fig"}A,B). Animals within a single litter were randomized to multiple groups when possible to reduce litter- or parent-specific confounders. Following depletion, all animals were placed on their respective lactose rescue diet with or without vitamin D~3~. Those animals born to mothers on the vitamin D-deficient lactose rescue diet were maintained on that diet from conception until study termination. F344 rats were euthanized at either 120 (male) or 150 (female) days of age; (ACIxF344)F~1~ rats were euthanized at either 90 (male) or 120 (female) days of age. Euthanization time points were determined empirically for each strain and sex to maximize the number of tumors per animal, while avoiding morbidity from the disease. To induce inflammation-associated colonic tumorigenesis, a separate set of (ACIxF344)F~1~ rats was calcium cycled in the presence or absence of vitamin D, and then given two rounds (each lasting 1 week) of 4% (wt/vol) DSS (FisherSci) separated by 1 week on regular drinking water ([Fig. 1](#DMM032300F1){ref-type="fig"}C). All rats in the DSS experiment were terminated at 140 days of age.

Sample collection, terminal tumor counts and sizing {#s4d}
---------------------------------------------------

At sacrifice, the small intestine and colon were removed, washed with PBS and laid flat. The entire intestine was fixed with 10% neutral buffered formalin for 48 h and then transferred to 70% ethanol, where they were stored until further use. Total tumor counts for the small intestine and colon were obtained on a dissecting microscope at 10× magnification by a blinded observer. Tumor dimensions were measured to the nearest 0.1 mm using an eyepiece reticule at 10× magnification. Two measurements were taken in the plane of the epithelium for each tumor: the longest tumor dimension was measured first (A), followed by a second measurement perpendicular to the first (B). To determine an area for each tumor, the equation for area of an ellipse was used: π(A/2)(B/2).

Tumor pathology {#s4e}
---------------

After tumor counts were obtained from fixed sections, samples were collected for histology and review by a pathologist familiar with tumors in this model. At least 20 individual tumor samples from four rats per group from the DSS study were selected for sectioning. Tumors were bisected vertically through the stalk, embedded and cut into 5 µm sections, for a total of 60 sections (300 µm). Every 10th section (50 µm) was stained by Hematoxylin and Eosin for evaluation of pathology. Tumors were graded using a five-point scale of malignancy: 1, adenoma; 3, intramucosal carcinoma; 5, early carcinoma; intermediate grades 2 and 4 were assigned when a lesion exhibited some but not all criteria for the next grade.

Biochemical assays {#s4f}
------------------

Blood was obtained at week 6 from the lateral ocular orbit and at termination by cardiac puncture to assess calcium and vitamin D concentrations. A minimum of five animals per diet per time point were evaluated for each serum calcium and 25(OH)D~3~. Serum calcium was measured by atomic absorption spectrometry on the Perkin Elmer 900H instrument. Serum 25(OH)D~3~ concentrations were measured by high-performance liquid chromatography (HPLC), as described previously ([@DMM032300C14]). The HPLC method has been confirmed to separate 25(OH)D~3~, 24,25-dihydroxy-vitamin D~3~ \[24,25-(OH)~2~D~3~\] and 1,25-dihydroxy-vitamin D~3~ \[1,25-(OH)~2~D~3~\]. Extraction recoveries were checked using tritiated 25(OH)D~3~ each time samples were processed and averaged 95%. Two 25(OH)D~3~ standards were analyzed for every 10-14 experimental samples; this was flanked by one background check each at the beginning and the end of the run. The extracted and filtered samples (total volume of 250 ml) were loaded on a Symmetry C18 column (5 μm, 3.9 mm×150 mm; Waters) at 30°C, and UV absorbance was measured at 265 nm at a flow rate of 1 ml/min under a reversed phase isocratic method. Blood concentrations of 25(OH)D~3~ were calculated on the basis of the extraction/filtration/resuspension recoveries and a standard curve spanning 0.5 to 50 ng, with a lower limit of quantification of 5 ng/ml serum and a lower limit of detection of 3 ng/ml serum.

Expression analysis {#s4g}
-------------------

Samples of colonic tumors and normal colonic tissue were collected at dissection and stored in RLT Plus Buffer (Qiagen, Valencia, CA) at −80°C. Normal tissue was collected outside a minimum 2-mm barrier surrounding any tumor. RNA was isolated using an Allprep DNA/RNA Mini Kit (Qiagen) following the manufacturer\'s protocol. cDNA was generated using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Taqman hydrolysis probes from Applied Biosystems for *Mki67* (FAM, Rn01451446_m1) and *Gapdh* (VIC Primer Limited, 4352338E) were duplexed in a single well for each sample, and each sample was run in duplicate on a StepOne Plus Real Time PCR System (Applied Biosystems). *Gapdh* was used as a reference gene, and each tumor sample was pair matched to its own normal tissue for analysis. Seven to ten rats per dietary group were examined. Fold change values represent the expression in a tumor sample compared with its own normal tissue sample, each normalized to the reference gene *Gapdh*.

Statistical methods {#s4h}
-------------------

In the *Apc^Pirc/+^* rat, there are significant differences between the number of tumors in the small intestine and in the colon ([@DMM032300C2]); therefore, these two areas have been analyzed separately. The means of tumor multiplicity data are not normally distributed and therefore require the use of nonparametric statistics; thus a two-sided Wilcoxon rank sum test was employed. Tumor multiplicities in the *Apc^Pirc/+^* rat show significant sex differences ([@DMM032300C2]); therefore, multiplicity data were blocked based on Lehman\'s extension to the Wilcoxon rank sum test and jointly tested for the effects of the test conditions ([@DMM032300C16]). A minimum of 12 rats per diet per strain were analyzed for the vitamin D deficiency studies. This group size gives 90% power at significance level of 0.05 (two-tailed) to detect either a decrease by 50% or a doubling in colon tumor number compared to control. All statistics were performed using the freely available software MSTAT ([@DMM032300C8]). A Bonferroni-corrected *P*-value has been used in instances with multiple comparisons to the same control. No difference between sexes or strains was observed for the serum biochemical assays; therefore, these data have been combined and analyzed using a two-sided Wilcoxon rank sum test. To test for an association between tumor multiplicity and biochemical assay measures, a two-sided Kendall\'s rank correlation test was used. *P*≤0.05 was considered significant for all tests.
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